[1] An empirical model of subauroral polarization streams (SAPS) has been incorporated into the Thermosphere Ionosphere Electrodynamics General Circulation Model (TIEGCM). This SAPS driven TIEGCM is used to simulate the effect of SAPS on the global thermosphere and ionosphere during a moderate geomagnetically active period between day of year (DOY) 329 and 333 in 2008. Model results show: (1) SAPS caused an increase in global thermospheric temperature which became stronger with time. This neutral temperature increase was more significant in subauroral and auroral regions. Joule heating by the SAPS and the redistribution of this heat by dynamic processes were the primary mechanisms for the simulated global neutral temperature changes. (2) In the SAPS driven TIEGCM, the strong ion drag effect in the subauroral SAPS channel drove large changes in thermospheric winds. Zonal neutral winds had either an extra, separate channel of westward flow in the subauroral region in the afternoon-midnight sector or a broad westward wind jet that merged with the regular duskside auroral westward zonal neutral wind driven by the high latitude convection pattern. The exact latitudinal profile of the zonal winds depended on local time. (3) The response of neutral temperature and wind to SAPS was more significant at higher altitudes and exhibited seasonal/hemispheric asymmetry. (4) The heating to the thermosphere by SAPS also resulted in changes in thermospheric composition with upwelling of molecular rich air in subauroral and auroral regions and downwelling of atomic oxygen rich air at other latitudes. These changes in thermospheric composition contributed to the deeper and more extended ionospheric electron density depletions in subauroral middle latitude regions, as well as electron density increases along the equatorward edge of the SAPS channel in the afternoon sector.
Introduction
[2] Subauroral Polarization Streams (SAPS) are intense sunward (westward) plasma flows driven by large poleward electric fields in the dusk-premidnight sector of the subauroral region of the ionosphere [Galperin et al., 1974; Smiddy et al., 1977; Spiro et al., 1979; Karlsson et al., 1998 ].
SAPS events were first observed by satellites and originally termed as westward plasma jets (PJ) [Galperin et al., 1974] or subauroral ion drifts (SAID) [Spiro et al., 1979; Anderson et al., 1993] . They are found to be confined in a latitudinally very narrow ($1 -2 ) region and coincide with the ionospheric footprint of the plasmapause [Smidy et al., 1977; Anderson et al., 2001] and the location of the middle latitude ionospheric F region plasma density trough . Later, Yeh et al. [1991] and Foster and Vo [2002] used observations by the Millstone incoherent scattering radar to show that subauroral sunward plasma drifts can occur over a wider latitude region and often contain narrower and more intense PJ/SAIDs during geomagnetically active periods [Matsui et al., 2009, and references therein] . Foster and Burke [2002] then proposed to use the term Subauroral Polarization Stream (SAPS) to include all observations of subauroral plasma flows and electric fields equatorward of the regular high latitude evening convection cell and diffuse aurora [Oksavik et al., 2006; Baker et al., 2007] . The SAID/ PJ is thus a special subset of SAPS.
[3] The strength and occurrence probability of SAPS depend on substorm activity [Spiro et al., 1979; Karlsson et al., 1998; Foster and Vo, 2002; H. Wang et al., 2008] , but their temporal variations during substorms has not been fully understood. Anderson et al. [1993] and Karlsson et al. [1998] reported that SAIDs typically occur and are more intense during the substorm recovery phase. The time lag between the substorm onset and the SAPS response was determined to be about 10 min by Puhl-Quinn et al. [2007] , whereas Nishimura et al. [2008] showed that SAIDs occurred almost simultaneously with the onset of substorms. Huang and Foster [2007] showed that SAPS are significantly intensified during the main and recovery phases of geomagnetic storms. The life time for SAPS can be as long as 40 h. Makarevich and Dyson [2007] suggested that SAPS even exist in a dormant state before the substorm onset, but start to increase after the substorm onset, with a time delay that depends on the location of substorm onset or the location of the inner magnetospheric ion injection.
[4] The averaged patterns of SAPS in magnetic local time (MLT) and with the geomagnetic activity index Kp are described in detail by Foster and Vo [2002] based on Millstone radar observations. SAPS, as well as the midlatitude trough, move to lower magnetic latitudes with the expansion of the high latitude convection pattern and auroral oval as geomagnetic activity level increases [Anderson et al., 1993; Foster and Vo, 2002; Huang and Foster, 2007 ; H. . In addition, there have been significant variations in SAPS location with respect to the auroral oval and large small-scale variability within the SAPS channel for different events and at different times for the same event [Oksavik et al., 2006; Koustov et al., 2006] .
[5] Electric fields associated with SAPS are also seen in the magnetosphere. Satellite observations at different heights show that SAID channels map between the inner magnetosphere and the ionosphere without noticeable potential drops along the field lines [Anderson et al., 2001; Puhl-Quinn et al., 2007; Mishin and Puhl-Quinn, 2007] . The amplitude of SAPS electric fields in the inner magnetosphere is in the range from $20 mV/m to $125 mV/m [Maynard et al., 1980; Okada et al., 1993] . Kim et al. [2010] reported an example of a large electric field with a peak amplitude of $60 mV/m at the plasmapause observed by the Polar spacecraft. They associated this large electric field with a sharp plasmapause structure. The effect of SAPS on the inner magnetosphere is an intensification of the erosion and equatorward motion of duskside plasmasphere plumes as seen by the Image satellite [e.g., Goldstein et al., 2003 Goldstein et al., , 2005 .
[6] The occurrence of SAPS is related to the low ionospheric conductivity in the midlatitude trough region around the dusk sector. Southwood and Wolf [1978] suggested that poleward polarization electric fields build up in the subauroral ionosphere when plasma sheet ions penetrate deeper into the inner magnetosphere than electrons do during geomagnetic disturbances. These poleward polarization electric fields then drive enhanced westward plasma flows or SAPS. Anderson et al. [1993] proposed that large polarization electric fields are needed to maintain the current continuity at the subauroral latitudes when part of the downward region 2 field-aligned current closes through the low ionospheric conductivity midlatitude trough region. Other SAPS formation models have also been suggested [De Keyser, 1999; Lyatsky et al., 2006] . The SAPS are strengthened by the positive feedback effect of the low ionospheric conductivity in the subauroral thermosphere-ionosphere-magnetosphere system. Within this region frictional heating by SAPS produces enhanced plasma temperatures and thus increased ionospheric recombination rates which lead to a further depletion in ionospheric electron density and conductivity [Schunk et al., 1976] . This, in turn, increases the intensity of the polarization electric fields, producing stronger SAPS [e.g., Wolf et al., 2007, and references therein] .
[7] There have been very few theoretical studies of the effect of SAPs on the coupled thermosphere-ionosphere system (T-I system). Sellek et al. [1991] and Moffett et al. [1992] simulated the effect of large subauroral zonal ion drifts on the ionosphere by imposing an intense westward ion drift on a closed subauroral plasma tube. They found that the rapid ion-neutral frictional heating increased ion temperature and caused F region plasma density to decrease because of the enhanced loss by chemical reactions and transportation. Pintér et al. [2006] simulated the effect of SAPS on the ionospheric TEC and peak height using the Sheffield Coupled Thermosphere-Ionosphere-Plasmasphere (CTIP) model by imposing a poleward electric field for two hours in the premidnight sector between 1800 and 2400 MLT and at 50 -60 magnetic latitude. They showed that SAPS cause a decrease in both the vertical total electron content and the F region peak density. They also found a significant plasma temperature increase due to ion-neutral friction which leads to an increased O + loss through chemical reactions. The effect of the applied SAPS can last for up to 10 h. Sazykin et al. [2002] simulated the effect of SAPS on stable auroral red (SAR) arcs, and pointed out that SAPS induced ion-neutral frictional heating and the resultant ion composition changes can be an additional source for the subauroral SAR arcs. Sojka et al. [2004] employed the SAPS model of Foster and Vo [2002] to drive the Utah State University timedependent ionospheric model (TDIM). They found that the response of the middle latitude ionospheric density to SAPS depends on the high latitude convection pattern used. The model results show density structures within the SAPS region with both depletions and enhancements.
[8] Most of these theoretical studies used an empirical thermospheric model and are primarily focused on the ionospheric response to SAPS in the trough region. There have been no studies done on the SAPS effect on global thermosphere structures, such as the responses of neutral temperature and winds to SAPS events. Given the major ionospheric changes that have been seen during SAPS events, we expect that there will also be significant responses in the thermosphere. In addition, the thermosphere and ionosphere are a closely coupled dynamical system; changes in the ionized gas will also cause changes in the neutral gas, and vice versa. Thus, it is desirable to investigate the effect of SAPS on the whole coupled system, instead of on individual isolated components. In this study, we employ the SAPS model developed by E. R. Talaat et al. (A statistical analysis of the sub-auroral electric field, manuscript in preparation, 2012) in a global coupled thermosphere ionosphere model (National Center for Atmospheric Research -Thermosphere/ Ionosphere Electrodynamics General Circulation Model, NCAR-TIEGCM) to investigate the effect of SAPS on the coupled T-I system. In the following section, we will describe in detail the method of incorporating the SAPS model into the TIEGCM. In section 3, we will present preliminary model results and compare simulations with and without SAPS to demonstrate the effect of SAPS on the global T-I system. Discussion and conclusions of this study will be given in the last two sections.
The SAPS-TIEGCM
[9] The TIEGCM [Roble et al., 1988; Richmond et al., 1992] is a time dependent, three-dimensional model that solves the fully coupled, nonlinear, hydrodynamic, thermodynamic, and continuity equations of the neutral gas selfconsistently with the ion energy and continuity equations. The input parameters for the TIEGCM are solar EUV and UV spectral fluxes, parameterized by the F 10.7 index, auroral particle precipitation, an imposed high-latitude magnetospheric convection electric field, and the amplitudes and phases of tides from the lower atmosphere. The model calculates three dimensional global distributions of neutral temperature, wind and densities of major and minor species, ion and electron densities and temperatures, and neutral wind dynamo field. The model resolution of the TIEGCM in this study is 2.5 in latitude and longitude and one quarter of a scale height in the vertical pressure coordinate. The model resolution is not high enough to fully resolve SAID events that have very narrow latitude ranges, but sufficient to investigate the effect of broader SAPS. Observations show that the latitudinal range of SAPS can be broad to cover more than 5 in latitude [Yeh et al., 1991; Shand et al., 1998; Huang et al., 2001; Foster and Vo, 2002] . For instance, Okada et al. [1993] reported that the intense subauroral electric field during the storm of March 1989 extended over 8 in latitude. Anderson et al. [1993] also showed observations of broad subauroral westward ion drifts that had the similar latitude ranges to those of the auroral convection flow.
[10] In this paper, we apply the SAPS model described by Talaat et al. (manuscript in preparation, 2012) to the TIEGCM (hereafter, referred to as SAPS-TIEGCM; the TIEGCM without SAPS will be called default TIEGCM). The auroral convection pattern in the TIEGCM is specified using the Heelis model [Heelis et al., 1982] . An auroral precipitation pattern is also specified to match the convection pattern [Roble and Ridley, 1987] . As described in Talaat et al. (manuscript in preparation, 2012) the SAPS model uses MLT and auroral latitude to define the location of the SAPS. The auroral latitude is the latitude equatorward of the auroral electron precipitation boundary. When implementing the SAPS model into the TIEGCM, we first obtain auroral latitude and MLT for each model grid point and the corresponding auroral electron precipitation boundary for that MLT. If the grid point is less than 10 equatorward from the auroral precipitation boundary, the SAPS model is called for that grid point and the resultant SAPS horizontal ion drift velocities are added to the ion velocities calculated from neutral wind dynamo and high latitude convection pattern.
[11] We use the Kp index to drive both the SAPS model and the TIEGCM. For a particular Kp value, cross polar cap potential and auroral hemisphere power are calculated. These parameters are then used to define the high latitude convection pattern, auroral electron precipitation pattern and the location of the auroral boundary, which is then used to define the SAPS. . Note that since the TIEGCM uses geographic coordinates, the SAPS are transformed from MLT and auroral latitude to geographic coordinates, and thus appear to be a little different from those shown in Talaat et al. (manuscript in preparation, 2012) . When the SAPS are included in the TIEGCM, we see additional subauroral westward ion drifts between about 1400 and 2400 solar local time (LT) in the afternoon-midnight sector. The largest drifts occur just equatorward of the auroral oval boundary and ion drift velocities decrease toward lower latitudes. The latitude range of SAPS is also about 10 in geographic latitude. The SAPS drifts appear to be stronger than the regular high latitude ion convection, which has also been seen in observations [e.g., Oksavik et al., 2006; Baker et al., 2007] . In addition, there is an eastward drift channel in the midnight-morning sector, which is also consistent with the statistical patterns of SAPS [Foster and Vo, 2002] . Same SAPS fields are applied in both the northern and southern hemispheres as observations have shown that there is almost perfect mapping of SAPS electric field between the conjugate hemispheres [Anderson et al., 2001; Puhl-Quinn et al., 2007; Mishin and Puhl-Quinn, 2007; Matsui et al., 2009] .
Simulation Results
[12] The geomagnetic conditions (Kp) for the SAPS-TIEGCM run used in this study are shown in Figure 2 . Geomagnetic activity was very low on DOY 328 and 329, 2008. The Kp values for most of DOY 329 were zero. At about 2100 UT on DOY 329 an interplanetary shock arrived at 1 AU which was followed by a high speed solar wind stream. This produced moderate geomagnetic activity on Earth for the following three days with Kp varying between 2 and 4 À . This period also corresponded to low solar activity (averaged F 10.7 = 66) conditions.
Thermospheric Temperature Changes
[13] Figure 3 shows the TIEGCM-simulated neutral temperatures in the northern hemisphere for cases with SAPS ( Figure 3a increased globally. At middle and low latitudes neutral temperature increased by about 18 K. There was a zone of enhanced neutral temperatures occurring from noon to about midnight at high latitudes. The maximum temperature enhancement occurred near 2100 LT at about 65 N, with a peak value of about 60 K. This zone of temperature enhancement was around, but not exactly aligned with, the duskside westward ion drift in the SAPS channel shown in Figure 1a . Neutral temperature was also enhanced inside the polar cap by about 40 K, although there was no extra SAPS ion drifts applied locally there. A weak band of temperature increase (20-30 K) happened in the morning sector from about 0300 LT to 1200 LT neat 60 N, corresponding closely to the dawnside eastward ion drift channel of SAPS ( Figure 1a) .
[14] The global response of neutral temperature to SAPS is the result of combined local Joule heating within the SAPS region and the dynamical heat transport processes in the global T-I system. Note that the only difference between the default TIEGCM and the SAPS-TIEGCM runs was the additional SAPS-induced ion drifts in the SAPS-TIECGM run. Thus all the changes seen in the SAPS-TIEGCM run are caused directly or indirectly by SAPS. The effects of SAPS are not limited to the regions where SAPS are imposed. Instead, the effects are global as direct changes caused by SAPS are transmitted to other regions through nonlinear dynamical processes in the thermosphere and ionosphere system. For instance, the neutral temperature increase inside the polar cap in the SAPS-TIEGCM run is most likely produced by compressional heating, which is the result of changes in neutral wind circulation [e.g., Burns et al., 1995] caused by SAPS.
[15] Figure 4 gives a more detailed description of the temporal and spatial changes of neutral temperature (differences of temperatures between the SAPS-TIEGCM and the default TIEGCM) on pressure level 2.0 from 0000 UT on DOY 330 to 0600 UT on DOY 331, respectively. During this period, Kp varied between 2 and 4 À , SAPS of different strengths were applied to the SAPS-TIEGCM. Thus there was continuous Joule heating of the neutrals in the SAPS channel. On average, global temperatures continued to increase as time progressed during this period, the temperature changes went from about 0 K at 0000 UT on DOY 330 ( Figure 4a ) to about 20 K at 0600 UT on DOY 331 ( Figure 4f ) at middle and low latitudes. This illustrates the buildup of SAPS-induced thermal energy in the thermosphere and the global redistribution of this energy by dynamical processes [e.g., Burns et al., 1995] . This is more evident when comparing Figure 4b with Figure 4f . These two plots give neutral temperature differences between the SAPS-TIEGCM and the default TIEGCM at the same UT (0600 UT) under the same geomagnetic conditions (Kp = 4 À ), but separated by one day. We see clearly that neutral temperature differences were larger on the second day ( Figure 4f ).
[16] There are two striking features in global neutral temperature differences in Figure 4 . The first one is the large hemispheric variations in neutral temperature differences, which were evidently larger in the southern hemisphere than in the northern hemisphere, indicating that the thermal effects of the SAPS were not symmetric in the two hemispheres. This is most likely related to the asymmetric ionospheric conductivity between summer and winter, as well as the different SAPS drift patterns caused by the different geomagnetic field configurations in the two hemispheres, since we applied the same SAPS drifts in the two hemispheres in the MLT and auroral latitude coordinate system, whereas Joule heating and neutral temperatures were calculated in magnetic and geographic coordinate systems.
[17] Another striking feature seen in Figure 4 , which shows the neutral temperature differences between TIEGCM simulations with and without SAPS, is the "cold zones" of decreased neutral temperatures at high latitudes. While not shown, a detailed comparison between patterns of ion drifts and neutral temperature changes indicated that some of these cold temperature zones aligned well with the SAPS drift channel, and were in fact better aligned than the temperature enhancement zone was. The cause of these temperature depletions was that Joule heating caused an upwelling of neutral gas from lower heights and thus adiabatic cooling. Adiabatic cooling in some locations overpowered the Joule heating, leading to local temperature decreases. On the other hand, downwelling of neutral gas produced adiabatic heating to the neutrals resulting in enhanced temperatures in regions away from the Joule heating zone. The temperature enhancements at middle and low latitudes were mostly the result of such adiabatic heating driven by an increased tendency of downwelling, plus small contributions from heat advection from high latitudes.
[18] Figure 5 shows altitude profiles of neutral temperatures simulated by a) the SAPS-TIEGCM, b) the default TIEGCM and c) their differences at 0600 UT and 2000 LT (Lon: 150 W) on DOY 331 (dashed line in Figure 4f ). Southern (summer) hemisphere temperatures were higher than the northern (winter) hemisphere ones in both the SAPS-TIEGCM and default TIEGCM simulations. The SAPSinduced temperature changes occurred primarily in subauroral regions and were larger in the northern hemisphere, which is consistent with that shown in Figure 4f (dashed line). Temperature changes increased with altitude, since Joule heating per unit mass is larger at higher altitudes, although most of Joule heating is deposited in the E region [Jee et al., 2008] .
[19] It is worth noting here that neutral temperature variations seen in the SAPS-TIEGCM were comparable to those caused by the high latitude convection pattern enhancement for the simulated moderately disturbed conditions (Kp between 2 and 4 À ). Figure 6 shows neutral temperature changes between storm-time (0600 UT on DOY 331) and quiet time (0600 UT on day 329) simulated using the default TIEGCM. Compared to the SAPS case (Figure 3c ), neutral temperature changes in Figure 6 were slightly larger than those given in Figure 3c . At middle and low latitudes storm-induced temperature increases were about 20 K at 0600 UT on DOY 331. At high latitudes neutral temperatures changes were larger and occurred over a wider area. Since the applied SAPS electric fields were in general comparable to those of the regular high latitude ion convection pattern in both the magnitude and the area of occurrence in this simulation (Figure 1 ), the differences in the neutral temperature response were mostly caused by the differences in ionospheric conductivity. As shown later in Figure 9 , the SAPS channel occurred primarily in subauroral regions of low ionosphere electric densities in the late afternoon-midnight sector. Joule heating induced by the SAPS was thus less than that in the auroral zone when ionospheric conductivity was enhanced by strong auroral precipitation under geomagnetically active conditions. Nevertheless, it is evident that SAPS caused roughly the same magnitude of changes in neutral temperatures as that by the storm-time high latitude convection pattern and auroral precipitation. This suggests that the effect of SAPS on neutral temperatures can be very important under disturbed conditions. The variations in neutral temperatures and other parameters seen in observations are thus the integrated effect of energy and momentum inputs in both auroral and subauroral regions.
Thermospheric Wind Changes
[20] Figure 7 shows zonal neutral winds (positive eastward) simulated by the SAPS-TIEGCM (Figure 7a ), the (a-f) Global neutral temperature differences between TIEGCM simulations with and without SAPS on pressure level 2.0 ($300 km) for 0000, 0600, 1200 and 1800 UT on DOY 330, and 0000 and 0600 UT on DOY 331, respectively. default TIEGCM (Figure 7b ), and their differences on pressure level 2.0 ($300 km) (Figure 7c ) at 0600 UT on DOY 331. The most salient feature in the SAPS-TIEGCM zonal winds is an additional westward zonal wind band in the dusk sector in the subauroral region. This enhanced westward wind from noon to midnight is clearly the results of SAPS: the strong westward ion drift in the SAPS channel imposed a large ion drag effect on the neutrals in the subauroral region. There was also an enhanced westward wind channel in the midnight to early morning sector between 40 and 50 N. This enhancement of westward wind was probably caused by the enhanced neutral temperature and thus pressure gradient at higher latitudes (Figure 3c ) which produced enhanced equatorward meridional winds that turned westward as a result of the Coriolis force, and/or the advection of westward flow from high latitudes to low latitudes.
[21] It is also interesting to note that, inside the auroral oval, the regular sunward or westward wind of the dusk cell diminished in magnitude, as clearly shown in the wind difference plot (Figure 3c ) by a broad peak in the eastward tendency of the zonal winds. In the dawn sector inside the auroral oval between 70 N and 80 N, there was an increased tendency of westward zonal flow, suggesting a decrease in the eastward (sunward) return flow in the dawn cell of the neutral wind convection pattern. The decrease of the sunward return flow in both the dawn and dusk sector was probably related to the decrease of ion drag forcing in the high latitude ion convection pattern. The strength of ion drag is proportional to the ionospheric conductivity or electron density. Enhanced neutral temperatures inside the auroral oval, as shown in Figure 3c , caused upwelling of molecular rich air that enhanced plasma recombination processes and caused depletions in electron densities. In addition, the neutral pressure gradient changed inside the auroral oval, which in general produced equatorward/westward divergent flow and thus affected the neutral wind circulation.
[22] In the morning sector from about midnight to 0900 LT around 60 N there was a region of slightly eastward changes of zonal winds in the subauroral region. This corresponded with the imposed eastward ion drifts of SAPS (Figure 1 ). Because the eastward SAPS drift in this region was not large and ionospheric conductivity was relatively low, the ion drag forcing in this region was not large enough to produce the significant neutral wind changes that it did in the subauroral dusk sector.
[23] At low and middle latitudes, zonal winds were, in general, more westward in the SAPS-TIEGCM for most of the time. This is related to the heating at high latitudes that produced equatorward meridional winds that became westward as a result of the Coriolis force and the advection of the westward winds toward lower latitudes. The eastward enhancement of zonal winds at lower latitudes between 1800 and 0000 LT was probably related to the enhanced eastward pressure gradient forcing in the afternoon.
[24] Figure 8 shows altitude profiles of zonal neutral winds at 2100 LT (Figures 8a and 8c ) and 1500 LT (Figures 8b and 8d) for 0600 UT on DOY 331, respectively. The top row is the SAPS-TIEGCM outputs; the bottom row is the default TIEGCM simulations. At 2100 LT one important feature was the westward jet at about 150 km that extended from high latitudes in the southern hemisphere across the geographic equator into the middle latitudes of the northern hemisphere. Above $150 km and in the southern hemisphere the magnitude of the zonal winds decreased with altitude. The SAPS-TIEGCM produced a broad latitudinal peak of enhanced zonal winds compared to the case of the Figure 6 . Neutral temperature differences between 0600 UT DOY 331 and 0600 UT DOY 330 for TIEGCM simulations without SAPS.
default TIEGCM run. This enhancement in westward zonal winds, however, was limited to higher latitudes as there was a slight enhancement of eastward winds at low and middle latitudes above 200 km in the SAPS-TIEGCM. In the northern hemisphere and at 2100 LT, the SAPS-produced subauroral westward zonal winds merged with the auroral westward neutral flow produced by the return flow of the dusk cell of the auroral ion convection pattern. The magnitude of the auroral neutral winds in the SAPS-TIEGCM was smaller than that of the default TIEGCM. These features are consistent with those already discussed in Figure 7 . Again, same as the case of neutral temperature, the changes in neutral winds were global and occurred at all heights when SAPS were introduced in the model, although large changes happened mainly at high latitudes and above 120 km.
[25] At 1500 LT and in the southern hemisphere, the regular auroral westward flow in the dusk cell was significantly decreased in the SAPS-TIEGCM, but a broad subauroral westward flow in the SAPS channel occurred above about 120 km. This subauroral westward wind appeared to be also merged with the auroral neutral westward flow. In the northern hemisphere, a separate, secondary zonal wind channel occurred in the SAPS region. Unlike the cases discussed so far, the SAPS induced zonal winds in the subauroral region and at this local time were weaker than the zonal winds in the auroral region. In the northern hemisphere there was also a region of eastward winds from about 50 to 60 N and between 120 and 200 km in both model outputs. The magnitude of this eastward wind, however, decreased in the SAPS-TIEGCM; evidently it was the result of westward ion drag by the imposed westward ion drifts in the SAPS channel.
[26] The different responses of the neutral winds and temperatures to SAPS in two hemispheres were clearly related to the seasonal variations in the T-I system and magnetic field configurations. The hemispheric and seasonal variations of the response of the T-I system to SAPS are important topics for future studies.
Ionospheric Density Changes
[27] Figure 9 shows electron densities simulated by the SAPS-TIEGCM (Figure 9a ) and the default TIEGCM on pressure level 2.0 ($300 km) (Figure 9b ) at 0600 UT on DOY 331. This pressure level corresponds approximately with the ionospheric F 2 region peak height as shown in Figure 10 . There were noticeable changes in F 2 region electron densities when SAPS were imposed in the TIEGCM. First, in the subauroral region and around 1800 LT, electron density depletions occurred. This density trough extended to local noon. Second, around midnight at middle latitudes and from midnight to 0600 LT around 50 N, electron density depletions also occurred. Finally, at middle latitudes from morning to about noon, electron densities were slightly depleted in the SAPS-TIEGCM. In the afternoon sector around 1300 LT and at middle latitudes between 40 and 60 N, electron density increased. The changes at middle and low latitudes were most likely caused by the variations in neutral circulation that changed thermospheric composition and ionospheric electric fields. The strengthening of the middle latitude electron density trough in the SAPS-TIEGCM can be more clearly seen in Figure 10 . At $55 N Figure 7 . Zonal neutral winds (m/s, positive eastward) for TIEGCM runs (a) with and (b) without SAPS on pressure level 2.0 ($300 km) at 0600 UT on DOY 331. (c) Zonal wind differences between these two cases.
just outside the auroral oval, and between 200 and 400 km, the SAPS-TIEGCM had a much deeper density trough than the default TIEGCM did. More dramatic electron density changes occurred in the subauroral region in the southern hemisphere. There was no obvious density depletion in the default TIEGCM run, whereas a strong electron density trough occurred in the SAPS-TIEGCM. The electron density depletion in the southern trough, however, appeared to be weaker than that in the northern hemisphere.
[28] Electron densities on pressure level 2.0 for three UTs (0300, 1200 and 2100) on day 330 are shown in Figure 11 . Figures 11a, 11c , and 11e show the outputs from the SAPS-TIEGCM, while Figures 11b, 11d , and 11f are those from the default TIEGCM. In both model simulations, global electron density structures changed with UT. This UT effect is the result of the displacement of the geomagnetic poles from the geographic poles. Auroral ion convection and precipitation are both better defined in the magnetic field coordinate system, whereas solar illumination variations with the solar zenith angle are better defined in geographic coordinates. The net result is that there is a UT effect whichever coordinate system is used. This UT effect is manifested here by the ionospheric electron density structures appearing to rotate and occur at different geographic locations for different UTs.
[29] For all UTs, electron densities near local noon at high latitudes between about 60 and 80 N were enhanced in the SAPS-TIEGCM simulation. This is probably related to a plasma transport effect: sunward SAPS ion drifts increase the convergence of flux tubes in the daytime convection entrance region and thus plasma density there. As plasma density increased in the convection entrance region, more plasma was also transported into the polar cap, resulting in enhanced polar tongue of ionization. At different UTs, the region (local time, latitude) in which large electron densities occurred was different; the morphology of other high latitude ionospheric features was also different for both the default TIEGCM and the SAPS-TIEGCM, caused by this UT effect. The midlatitude electron density trough also had UT variations: the magnitude of the electron density depletion and the latitudinal location of the trough changed with UT. In the dusk sector, the midlatitude trough was more evident in the SAPS-TIEGCM and extended further into earlier local times than in the default TIEGCM. The SAPS-TIEGCM also showed deeper troughs (more depleted electron density) for all UT. [30] In the afternoon sector at 1200 UT around 60 N, and at 2100 UT around 45 N, there were bands of enhanced electron densities in the SAPS-TIEGCM results. These density enhancement bands were located at the equatorward edge of the SAPS channel and the midlatitude electron density trough. The density enhancement was stronger at 2100 UT than at 1200 UT. Figure 12 gives latitude changes of ionospheric electron density on pressure level 2.0 and at 2100 UT and 1500 LT (Lon: 135 E) on day 330 (cf. Figures 11e and 11f) for the SAPS-TIEGCM (black line) and the default TIEGCM (red line). We see clearly a much broader midlatitude density trough between 50 and 60 N in the SAPS-TIEGCM. Electron density in the auroral region around 65 N was lower in the SAPS-TIEGCM than in the default TIEGCM. At latitudes below 53 N, SAPS-TIEGCM electron density was greater than that in the default TIEGCM.
There was a peak of enhanced electron densities around 45 N, corresponding well to the density enhancement zone in Figure 11e .
Discussion
[31] In the previous section, we presented comparisons of TIEGCM simulations with and without SAPS. Changes in neutral temperatures, winds and ionospheric electron densities occurred globally when SAPS were included in the model calculations.
Thermospheric Winds and Temperature Response to SAPS
[32] SAPS affect the T-I system by energy and momentum transfer. Thermospheric temperature and winds are changed by SAPS by two processes: direct Joule heating which changes neutral temperatures and pressure gradients and thus global wind circulation; and ion drag which pushes the neutrals in the same direction as the ions. The Joule heating associated with SAPS heats the neutrals and the ions locally. This causes thermal expansion and upwelling of the thermosphere that leads to adiabatic cooling of the neutral gas in the SAPS region and downwelling and adiabatic heating in other areas. Thus heat is transported globally through dynamic processes. The ion drag inside the SAPS channel accelerates directly the neutrals in the westward direction in the dusk sector and in the eastward direction in the dawn sector. It is worth noting here that the neutral wind and temperature responses shown in this paper are snap shots of the global thermosphere and ionosphere structures caused by the integrated energy and momentum inputs from the beginning of the SAPS event.
[33] The strength of Joule heating and ion drag is proportional to the magnitude of ionospheric conductivity. In the SAPS region, ionospheric conductivity is relatively small (Figures 9 and 11 ). This small conductivity may make the impact of SAPS on the T-I system less significant than it would be had the SAPS occurred over strong ionospheric conductivity regions. In our simulations SAPS were applied based on 3-h Kp values. Thus, SAPS persisted with the same strength and at the same location for at least three hours, so there was enough time for SAPS to heat and accelerate the neutrals. In addition, the TIEGCM cannot fully resolve the middle latitude electron density trough where SAPS occur. This may result in overestimating ionospheric conductivity in the SAPS channel. These two factors can lead to an overestimation of the ion-neutral coupling effect in the SAPS region and its effect on the entire T-I system. Nevertheless, the aim of this study is to qualitatively understand the response of the T-I system to SAPS. To quantitatively assess the effect of SAPS requires high-time-cadence, global observations of SAPS, which are not possible at present.
[34] Miller et al. [1990] showed Dynamics Explorer 2 (DE 2) observations of zonal neutral winds and meridional electric fields during the November 24, 1982 magnetic storm. They found that, at subauroral latitudes, there were strong northward electric fields that were evidently the signature of subauroral polarization streams during the storm. Associated with these SAPS there were enhanced westward neutral winds in the same region. They also showed that the enhancements in westward winds were stronger in the winter hemisphere Figure 9 . Electron densities on pressure level 2.0 ($300 km) for TIEGCM runs (a) with and (b) without SAPS at 0600 UT on DOY 331, respectively. than they were in the summer hemisphere. Neutral temperatures also increased during the storm. Reddy and Mayr [1998] also showed DE 2 measured zonal winds during an evening pass for the same storm on November 24, 1982. In the southern (summer) hemisphere the westward winds had a broad latitudinal peak with a maximum speed of 350 m/s occurring exactly at the location of the maximum westward ion drift speed in the SAPS channel. In the northern (winter) hemisphere the peaks of westward winds occurred in the SAPS region. There were two peaks in zonal winds, one aligned with the subauroral ion drift peak of SAPS and the other one with the peak of the high latitude ion convection pattern. Recently, Wang et al. [2011] using CHAMP-derived cross track thermospheric winds showed that zonal wind peaks were aligned with plasma drift peaks and the subauroral neutral winds were enhanced during the SAPS events. They also showed that the enhancement of neutral winds was different between southern and northern hemispheres and changed with the strength of geomagnetic activity.
[35] Our results are qualitatively consistent with these observations. The SAPS-TIEGCM predicted either a broad peak of westward winds extending from the high latitude auroral zone to the subauroral SAPS region with maximum wind speeds occurring in the SAPS channel, or a double peaked latitudinal structure that was the same as that of the ion drifts in the dusk sector. The SAPS-TIEGCM also showed that the latitudinal structure of the zonal winds depended on local time, which is consistent with DE 2 observations [Miller et al., 1990; Reddy and Mayr, 1998 ]. The model calculated responses of neutral winds and temperature to SAPS also had seasonal/hemispheric asymmetry.
[36] More detailed model-data comparisons are needed to fully understand the effect of SAPS on global thermosphere structures and the mechanisms by which SAPS affect the thermosphere. The observed thermosphere and ionosphere changes during storm/SAPS events, however, are the integrated effect of energy and momentum deposition from both the high latitudes and the subauroral regions. It is very Figure 10 . Vertical profiles of electron densities calculated by (a) the SAPS-TIEGCM and (b) the default TIEGCM at 0600 UT on DOY 331. The local time is 1800 for these plots (90 E). difficult to separate observationally the effect of SAPS from that of high latitude convection pattern and auroral precipitation on the global thermosphere and ionosphere under magnetically active conditions. However, physics-based model simulations as presented in this paper can provide valuable insights into the dynamic and energetic response of the T-I system to SAPS.
Ionospheric Electron Density Response to SAPS
[37] The inclusion of SAPS ion drifts into the TIEGCM causes global changes in ionospheric electron densities. The direct impact of SAPS on ionospheric electron density is the westward (sunward) transport of plasma from low and middle latitudes in the afternoon sector into high latitude regions at noon [Foster, 1993; Foster et al., 2007] . SAPS can also affect the ionosphere by other processes. These include changes in thermospheric composition, neutral wind circulation and global ionospheric electric fields. In the SAPS region, Joule heating results in local heating of the atmosphere that produces upwelling of molecular rich air from lower altitudes to higher altitudes. Away from the SAPS region, neutral wind convergent flow produces downwelling of atomic oxygen rich air. Figure 13 shows changes of O/N 2 caused by SAPS on pressure level 2.0 ($300 km) at 2100 UT on DOY 331. There was a clear decrease in O/N 2 in subauroral and auroral regions corresponding to the upwelling of molecular rich air from lower altitudes. Equatorward of the SAPS region, where poleward meridional winds from the summer hemisphere and equatorward meridional winds from high latitudes converged, downwelling of atomic oxygen rich air occurred resulting in enhanced O/N 2 . In molecular rich air (small O/N 2 ) recombination is fast and thus plasma density is depleted, and in atomic oxygen rich air recombination is slow. Therefore, the stronger middle latitude electron density trough in the SAPS-TIEGCM (Figures 9-11) , compared with the default TIEGCM, was caused at least in part by thermospheric composition changes ( Figure 13 ). This is consistent with observations. For example, Galperin et al. [1986] showed that the SAID deepened the pre-existing trough as a result of the increased chemical loss processes because of the enhanced neutral temperatures.
[38] The westward ion drift in the SAPS channel that transports the low-density plasma from the nightside into the afternoon sector may also contribute to the formation of a stronger middle latitude ionospheric density trough in the SAPS-TIEGCM in the afternoon sector [Evans et al., 1983; Pirog et al., 2009] . Our results are consistent with previous studies that showed that SAPS are associated with the middle Figure 12 . Latitudinal variations of electron densities (blue line: SAPS-TIEGCM, red line: default TIEGCM) on pressure level 2.0 at 1500 LT and 2100 UT on DOY 330. latitude ionospheric plasma density trough [e.g., Anderson et al., 1991 Anderson et al., , 2001 Foster, et al., 1994; Scali and Reinisch, 1995; Karlsson et al., 1998 ]. Comprehensive reviews of the main trough can be found in Rodger et al. [1992] and Moffett and Quegan [1983] .
[39] Our modeling results also agree well with other model simulation results and observations. For instance, modeling studies showed that the effects of large westward drifts imposed for 10 min or more on a closed tube of plasma at L = 4 resulted in enhanced ion temperatures and decreased F region O + density, and an increase in molecular ion abundance [Sellek et al., 1991; Moffett et al., 1992; Förster et al., 1999] . Anderson et al. [1991] showed through observations that O + density was depleted and NO + concentration was enhanced in the SAPS region. They suggested that chemical reactions were responsible for the decrease of plasma densities within the main trough and SAPS regions because of the frictional heating.
[40] The SAPS-TIEGCM did not simulate obvious stronger subauroral electron density depletions in the morning sector. In fact, at some UTs ( Figure 9 for 2100 UT on DOY 331 and Figures 11a and 11b for 0300 UT on DOY 330), the default TIEGCM appeared to have a more evident subauroral density depletion in the morning from 0600 LT to 0900 LT, although the SAPS-TIEGCM showed lower O/N 2 which should decrease electron densities. However, Figure 13b indicates that ionospheric plasma was transported upward vertically by the E Â B drift which might offset the effect of neutral composition. There have been suggestions that eastward ion drifts with high velocities (1000-1200 m/s) can transport the low-density plasma from the night to the morning sector, resulting in an electron density trough [Evans et al., 1983; Foster et al., 1994; Scali and Reinisch, 1995; Pirog et al., 2009] . In our SAPS-TIEGCM simulations, the subauroral eastward drifts in the dawn sector were relatively weak and did not extend beyond 0600 LT (Figure 1a) . Thus the plasma transport process suggested by these authors may not have evident influences on plasma density at later local times. The exact cause of the morning side subauroral electron density depletion in both model outputs and the lack of obvious response of plasma density to SAPS will be further investigated in a subsequent study.
[41] In addition to thermospheric composition changes and horizontal transport effects during SAPS events, the ionospheric plasma can also be transported vertically into regions of different thermospheric composition (O/N 2 ), causing plasma density variations. For instance, at middle latitudes, equatorward meridional neutral winds can increase ionospheric density by moving the plasma along the magnetic field to higher altitudes where O/N 2 is relatively low. Changes in neutral winds also lead to changes in neutral wind dynamo electric fields, which can alter the altitude of the ionosphere by E Â B drifts and thus vary the ionospheric plasma density.
[42] The increase in electron density at the equatorward edge of the SAPS in the afternoon sector (Figures 9, 11e , and 12) corresponded well to local O/N 2 enhancements (Figure 13a ). Equatorward meridional winds may also contribute to this density increase. However, vertical ion motion by E Â B drifts was unlikely to be the cause of the density increase as the drifts moved the plasma downward (Figure 13b) . Our results are also consistent with observations of storm enhanced density (SED) presented by Foster et al. [2007] , who suggested that the sunward transport of plasma by westward ion drifts at the equatorward edge of the SAPS might be the cause of SEDs. It is worth noting here that our simulated density increase was smaller than that in Foster et al. [2007] . This is probably related to the fact that we simulated a moderate magnetic active period thus the effect of SAPS was not as significant as that in the observations.
[43] Our results are consistent with GPS TEC data presented by Pokhotelov et al. [2008] insofar as high latitude blobs appear to be detached from the middle latitude TEC enhancements during storms. These noon-time F region density enhancements were also seen in the non-SAPS simulation. However, they appeared to be stronger in the SAPS case. Plasma transport processes which concentrate plasma flux tubes in the ion convection entrance region around noon at high latitudes are the primary processes leading to these enhancements as well as those inside the polar cap known as tongues of ionization [e.g., Burns et al., 2004] . There are times when the downwelling of atomic oxygen rich air occurs inside the polar cap and around the noon sector at high latitudes (Figure 13a ), which can also contribute to the increase of ionospheric electron densities there.
[44] Model studies and observations also showed that both ion and electron temperatures can be significantly enhanced within the trough/SAPS region. These enhancements in plasma temperatures are mostly related to the enhanced frictional heating of the ions and electrons because of the enhanced westward ion drifts, as well as the inefficient heat conduction at the bottom side of the F 2 peak [Moffett et al., 1998; Wang et al., 2006] . Our SAPS-TIEGCM simulation also shows elevated ion and electron temperatures within the SAPS channel.
[45] In this study, we only investigated the effect of SAPS on the T-I system. The SAPS phenomenon, its generation, development and decay, is the result of the nonlinear dynamical coupling between the inner magnetosphere and the T-I system. The effect of ionospheric conductance on SAPS has been simulated by Zheng et al. [2008] through an ad hoc approach. A fully coupled, high resolution model of the magnetosphere ionosphere and thermosphere is needed to simulate the nonlinear interaction within the system and the feedback effect of the ionospheric conductance on SAPS [W. Wang et al., 2004 Wiltberger et al., 2004] , as has been suggested over the years [Anderson et al., 1993 [Anderson et al., , 2001 ]. The current model is not self-consistent in that the feedback effect is not included in the SAPS-TIEGCM. In addition, the TIEGCM grid is not fine enough to fully resolve the middle latitude trough. A high resolution model, such as the thermosphere ionosphere nested grid (TING) model [Wang et al., 1999 [Wang et al., , 2005 that is capable of resolving the trough, is needed to better capture the latitudinal structure of SAPS, especially that of the much narrower SAIDs.
[46] In this numerical study we investigated only thermosphere and ionosphere responses to SAPS during a moderately active period (Kp = 4 À ). Thus the effect of SAPS is relatively weak. Computer simulations for stronger storms and comparison with observations will be carried out in future studies.
Conclusion
[47] An empirical model of SAPS that is based on DMSP observations between 1985 and 2005 has been included in the TIEGCM. This SAPS-TIEGCM is driven by the Kp index for geomagnetic activity conditions. TIEGCM simulations with and without SAPS driving have been compared for the moderate geomagnetic activity period of DOY [329] [330] [331] [332] 2008 , when the Kp index varied between 2 and 4 À . The effect of SAPS on the global thermosphere and ionosphere was then analyzed. The following conclusions have been drawn:
[48] 1. SAPS caused an increase in global thermospheric temperature which became stronger as the geomagnetic activity progressed. This neutral temperature increase was more significant at high latitudes in the subauroral and auroral regions. There were also areas of decreased neutral temperature in the model outputs. Joule heating by SAPS and the resultant adiabatic heating and cooling of the thermosphere were the primary mechanisms for the modeled neutral temperature changes.
[49] 2. The SAPS induced neutral temperature enhancements were higher in the southern summer hemisphere than in the northern winter hemisphere. This is probably caused by the higher ionospheric conductivity and thus stronger Joule heating in the summer hemisphere. Neutral temperature changes were also stronger at higher latitudes. The SAPS-induced neutral temperature variations were comparable to the neutral temperature variations produced by the enhancements in the auroral ion convection pattern during active periods.
[50] 3. In the SAPS driven TIEGCM, a strong ion drag effect occurred in the subauroral SAPS channel that drove large changes in neutral winds. Zonal neutral winds had either an extra, separate channel of westward flow in the subauroral region in the afternoon-midnight sector or a broad westward wind jet that merged with the regular duskside auroral westward neutral wind driven by the high latitude convection pattern. The exact latitudinal structure of the zonal winds depended on local time. These SAPS-TIEGCM results are consistent with observations.
[51] 4. In the SAPS-TIEGCM, zonal winds peaked at the latitudes of the maximum westward ion drifts in the SAPS channel. The response of neutral winds to SAPS was also more significant at higher altitudes and exhibited seasonal/ hemispheric asymmetry. The regular dusk side neutral sunward return flow in the auroral region appeared to be weakened when SAPS were imposed.
[52] 5. The heating to the thermosphere by SAPS also resulted in changes in thermospheric composition with upwelling of molecular rich air from lower altitudes at high latitudes and downwelling of atomic oxygen rich air at other latitudes. These changes in thermospheric composition contributed to the deeper and more extended ionospheric electron density depletions in subauroral regions, as well as the electron density increase along the equatorward edge of the SAPS channel at middle latitudes in the afternoon sector. Ionospheric electron densities also increased at high latitudes around noon which was probably the result of the concentration of plasma flux tubes in the convection entrance region by the imposed extra sunward ion drifts of SAPS. The response of ionospheric electron densities to SAPS depended evidently on UT.
[53] This study simulates the SAPS effect on the global thermosphere and ionosphere system during a moderate active period (Kp varying between 2 and 4 À ). In a follow up study, we will investigate this effect for stronger storms, as well as the changes of this effect with other geophysical conditions, such as season and solar cycle. Case studies will also be carried out to compare model results with observations.
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